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tect	 populations	 against	 short‐	 and	 long‐term	 environmental	 fluc‐
tuations	 (Ellegaard	&	Ribeiro,	 2018;	Morris	 et	 al.,	 2008).	Dormant	
propagule	 banks	 integrate	 genetically	 and	 physiologically	 varying	
individuals	 produced	 in	 different	 seasons	 and	 years	 and	 form	 ge‐













be	highly	synchronized,	 leading	 to	excystment	of	 the	entire	viable	
seed	pool	once	the	right	trigger	is	present	(Anderson	&	Rengefors,	
2006;	Genovesi	et	al.,	2009).	Alternatively,	only	fractions	of	the	cyst	
pool	may	germinate	 at	 specific	 conditions	 along	an	environmental	
gradient	 (Anglès,	 Garcés,	 Reñé,	 &	 Sampedro,	 2012;	 Kim,	 Park,	 &	
Han,	2002;	Moore	et	al.,	2015)	suggesting	 that	cysts	with	diverse	
germination	requirements	are	present	in	the	sediment.	At	the	same	









rence	 of	 different	 phenotypic	 or	 adaptive	 traits	 in	 a	 population	
allows	 for	 natural	 selection	 of	 the	 best	 suitable	 genotype	 under	
certain	 environmental	 conditions.	 Studies	 on	 plants	 provide	 evi‐














Here,	 we	 investigate	 this	 hypothesis	 using	 the	 dinoflagellate	
Alexandrium ostenfeldii (Paulsen)	 Balech	 and	 Tangen,	 which	 forms	
toxic	blooms	in	shallow	coastal	waters	of	the	Baltic	Sea,	as	a	model	
















5°C	 has	 been	 suggested	 for	 the	 late	 21st	 century	 (Graham	 et	 al.,	

















the	 life	 cycle.	Additionally,	we	 investigated	 if	 strains	which	germi‐
nated	at	a	specific	temperature	or	salinity	are	adapted	to	those	con‐









of	 resulting	 strains	 was	 recorded.	 Reciprocal	 transplantation	 ex‐
periments	 were	 carried	 out	 with	 successfully	 germinated	 strains	
to	 assess	 if	 A. ostenfeldii	 genotypes	 are	 adapted	 to	 germination	
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conditions	and	therefore	selected,	or	 if	 they	can	acclimate	to	new	
conditions	rapidly.
2  | MATERIAL AND METHODS








































temperature	 (T)	20°C,	6	psu;	 low	salinity	 (S)	16°C,	3	psu;	and	high	
temperature	 combined	 with	 low	 salinity	 (TS)	 20°C,	 3	 psu.	 Cysts	
were	 incubated	 at	 14:10	hr	 light:dark	 cycle;	 and	 a	 light	 intensity	
of	 ~100	µmol	photons	m−2 s−1.	 Germination	 success	 was	 recorded	
every	2–3	days	microscopically,	during	a	period	of	26	days,	by	count‐













this	 time	96	cysts	were	 isolated	per	 treatment	and	placed	 individ‐
ually	 in	wells	of	24‐well	plates,	each	well	 containing	2	ml	of	 f/2‐Si	








germination	 and	 grouped	 in	 categories:	 <10,	 11–50,	 51–100,	 and	




F I G U R E  1  Typical	resting	cysts	of	the	toxin	producing	marine	
dinoflagellate	Alexandrium ostenfeldii,	isolated	from	sediment	
sampled	at	the	Åland	Islands	in	the	Baltic	Sea




2.5 | Adaptation to germination conditions
Clonal	 cultures	 established	 from	 successfully	 germinated	 resting	
cysts	of	the	selection	experiment	were	used	to	perform	reciprocal	
transplantation	 experiments	 (Figure	 2b).	 The	 aim	 of	 these	 experi‐
ments	was	to	test	whether	strains	which	had	germinated	under	spe‐
cific	 conditions	of	 the	 selection	experiment	 (C,	S,	T,	 and	TS)	were	
adapted	 to	 those	 conditions.	 If	 the	 strains	 were	 adapted	 to	 their	
germination	conditions,	one	would	expect	them	to	grow	best	at	the	





during	 germination.	 For	 this	 purpose,	 eight	 well‐growing	 cultures	
of	 each	 treatment	 of	 the	 germination	 experiment	 were	 randomly	
selected.	 Single	 cells	were	 re‐isolated	 after	2	weeks	 (after	4–5	di‐





























the	 estimated	 abundance	 of	 vegetative	 cells	 after	 germination	



















 (b) Reciprocal transplantaon 
experiment 
Re-isolaon 
(a) Selecon experiment C 
16°C / 6 psu 
T 
20°C / 6 psu 
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16°C / 3 psu 
TS 
20°C / 3 psu 
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Growth rates 
Growth experiment 
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growth	 rate	after	 transplantation,	 followed	by	a	simple	 two‐way	
ANOVA	with	two	categorical	predictors	(2	levels	and	4	levels)	and	
the	interaction	between	them.	The	strain	could	not	be	included	as	















3.2 | Selection at germination level
In	our	selection	experiment,	more	than	84%	of	the	cysts	had	ger‐
minated	 after	 two	weeks	 of	 incubation,	 regardless	 of	 the	 treat‐
ment	 (Figure	 4).	 The	 highest	 germination	 success	was	 observed	
for	 the	 control,	 reaching	 92%,	 followed	by	 treatment	 T,	 TS,	 and	
S	with	88%,	86%,	and	84%,	respectively.	We	found	no	significant	
difference	 between	 the	 ratio	 of	 germinated	 and	 not	 germinated	
cysts	between	 the	 treatments	 (χ2	=	3.27,	df	=	3,	p	=	0.35).	When	
modeling	 the	 estimated	 abundance	of	 vegetative	 cells	 after	 ger‐
mination	as	function	of	the	treatment,	a	significant	effect	of	the	
treatment	was	 found	 (ANOVA:	F3,328	=	86.74,	p	<	0.001)	with	 an	
R2	 of	 0.44.	 Estimation	 of	 the	 cell	 numbers	 established	 per	 rest‐
ing	cyst	revealed	that	high	temperature	(T)	supported	significantly	
higher	cell	numbers,	compared	to	the	control,	(t	=	−8.07;	df	=	328,	
p	<	0.001)	whereas	 low	salinity	 (S)	 resulted	 in	significantly	 lower	
cell	 numbers,	 compared	 to	 the	 control	 (t	=	−8.31;	 df	=	328,	
p	<	0.001)	(Figure	4).
3.3 | Adaptation to germination conditions
To	 test	 if	 germinated	A. ostenfeldii	 strains	 from	 the	 selection	ex‐
periment	(Figures	2a	and	4)	are	adapted	to	their	germination	con‐
ditions,	a	subset	of	these	strains	were	used	to	perform	a	reciprocal	
transplantation	 experiment	 (Figures	 2b	 and	 5).	 Overall,	 growth	
rates	were	affected	by	growth	rather	than	germination	conditions.	
Transplantation	 to	higher	 temperature	 resulted	 in	higher	growth	
rates	 for	most	 strains,	 and	 also	 the	maximal	 growth	 rates	 were	
observed	after	transplantation	to	T,	at	all	germination	conditions.	
When	modeling	 the	 growth	 rate	 as	 function	 of	 the	 germination	
condition	 in	 combination	 with	 the	 growth	 condition,	 a	 signifi‐
cant	effect	of	the	growth	condition	was	found	(two‐way	ANOVA,	
F7,118	=	11.87,	 p	<	0.001).	 Additionally,	 growth	 rates	 of	 strains	
growing	at	condition	T	were	significantly	different	from	the	control	
(t = 3.28; df	=	118,	p	<	0.01).	The	germination	condition,	as	well	as	
the	interaction	between	different	germination	and	growth	condi‐
tion,	 had	 no	 significant	 effect	 on	 the	 growth	 rates.	 Strains	with	
the	same	germination	and	growth	conditions	(e.g.,	transplantation	
from	C	to	C)	served	as	a	control	in	this	experiment	and	the	control	
of	 treatment	 C	 (16°C	 and	 6	psu)	 had	 an	 average	 growth	 rate	 of	
0.09/day.	After	transfer	from	C	to	S,	high	response	variability	was	
observed.	 The	majority	 (62.5%)	 of	 the	 strains	 did	 not	 grow,	 and	


























F I G U R E  4  Percentage	of	A. ostenfeldii resting	cysts	germinated,	
relative	to	the	total	amount	of	cysts	isolated	for	each	treatment,	













substantially	 but	 resulted	 in	 a	 similar	 mean	 growth	 rate	 as	 the	






responses	 to	 transplantation	 were	 observed.	 We	 measured	 the	
highest	 growth	 rates	 (mean	 0.18/day)	 for	 the	 control	 and	 trans‐
plantation	to	all	other	treatments	led	to	reduced	growth.	Different	
responses	 to	 transplantation	were	 also	 recorded	 for	 strains	 ger‐







tenfeldii	 cyst	 pool	 are	 selected	 by	 future	 temperature	 and	 salinity	
conditions	and	 if	 selection	acts	at	 the	 level	of	cyst	germination	or	




(a)	 temperature	 and	 salinity	 affect	 the	 final	 germination	 success	













4.1 | Selection at germination level
In	contrast	to	our	expectation,	there	was	no	significant	influence	of	










do	not	 consider	 these	effects	 relevant	 for	 the	 composition	of	 the	
populations	 initiating	 bloom	 formation	 in	 nature.	 Our	 results	 are	
comparable	to	other	studies	on	germination	behavior	of	dinoflagel‐
lates,	showing	that	environmental	factors	can	slow	down	or	accel‐






mination	 filters,	 allowing	 for	 natural	 selection	 in	 plants	 (Donohue	
et	al.,	2010).	Natural	selection	on	germination	timing	of	Arabidopsis 
thaliana	was,	 for	 example,	 suggested	 to	 be	 an	 efficient	 sieve	 that	
can	determine	which	genotypes	can	persist	in	different	geographic	
locations	 (Donohue	et	al.,	2005).	The	relevance	of	 temperature	as	




least	 temperature	becomes	 selective	at	extreme	values	 (Jerney	et	
al.,	unpublished	data),	which	might	be	also	true	for	salinity,	but	not	
in	the	relatively	narrow	range	tested	in	our	study.	If	germination	of	
A. ostenfeldii resting	stages	 remains	unaffected	by	 the	 tested	 tem‐
perature	and	 salinity	 conditions,	 a	 large	 fraction	of	 the	 seed	bank	
could	potentially	germinate	as	soon	as	conditions	become	suitable.	
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able	 conditions	 indeed	 a	 large	 part	 of	 the	 population	 germinates	









tenfeldii	 in	 our	 study	 are	 comparable	 to	 earlier	 findings	 (Kremp	et	
al.,	2012,	2009;	Suikkanen	et	al.,	2013)	and	underpin	our	assump‐
tion	 that	 temperature	and	 salinity	exert	 selection	pressure	on	 the	
growing	 population.	 The	 direct	 response	 to	 selection	 depends	 on	
the	level	of	standing	genetic	variation	in	a	population	(Bell	&	Collins,	
2008)	 and	by	 supporting	or	 suppressing	 growth	of	 certain	 strains	
temperature	 and	 salinity	 have	 the	 potential	 to	 affect	 the	 genetic	





perature	 beneficial	 for	many	 strains,	 but	 in	 our	 TS	 treatment,	 the	
positive	effect	of	higher	temperature	was	apparently	compensated	
by	 lower	 salinity,	 resulting	 in	 growth	 rates	 similar	 to	 the	 control.	

















different	 from	 their	 germination	 conditions	 and	 even	 outperform	
nontransplanted	control	strains.	This	indicates	that	A. ostenfeldii	has	













changes	 can	 be	 strain	 specific.	 High	 strain‐specific	 trait—or	 phe‐






to	 fluctuating	 selection	 pressures	 (Brandenburg	 et	 al.,	 2018)	 and	
might	partly	explain	 this	 species’	 success	 in	 shallow	waters	of	 the	
Baltic	Sea.	The	high‐trait	variability	makes	 it	difficult	to	assess	the	
overall	effect	of	environmental	factors	on	the	population,	but	having	





Germination	 success	 of	 A. ostenfeldii	 resting	 stages	 remained	 un‐
affected	by	temperature	and	salinity,	 indicating	that	these	factors,	
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